Preservation of world heritage and archaeological sites depends largely on better understanding of the soil and rock conditions and their alterations caused by natural and anthropogenic forces. This study took the Tonglushan Ancient Copper Mine (TACM), a key cultural relic site under the state protection in China, as an example to discuss that detailed field and numerical studies of rock mechanics can help understand the crack genesis of high slopes at the site, thus better protecting the relic site from damage. Several cracks occurred in the high slopes at TACM, thus in-situ investigations have been conducted to figure out the factors inducing the cracks. After that, a three-dimensional non-linear finite difference numerical model was applied to investigate the factors affecting the deformation and rupture of the high slopes at TACM. The numerical study revealed that certain mining activities in the copper mines around the TACM relic site could be responsible for the generation of cracks. Five typical mining and excavation plans have been simulated via numerical models; meanwhile rational deformation and failure criterions were determined, according to which, case-5, including eight horizontal tunnels sequentially excavated at different elevations, was found to be the most reasonable hypothesis to explain the generation of cracks and failure of slopes. Case-5 involved applying the SPSC (Sill Pillars Sublevel Caving) method to excavate the ore bodies located at the foot of the slopes and to subsequently backfill the empty chambers after the closure of mining activity. Finally, recommendations were given based on this study to remedy the generation of cracks and better preserve the TACM.
I. INTRODUCTION
Preservation of world heritage and archaeological sites are of great importance to the study of the history of human civilization. In many similar circumstances, the success of preservation relies largely on the comprehensive understanding of relationship between structure and its existing environment, like rock and soil conditions. Note that intentional and unintentional human activities may change the soil and rock conditions of the sites and pose threat to the integrity of the sites. For instance, the Leaning Tower of Pisa is a The associate editor coordinating the review of this manuscript and approving it for publication was Mehmet Alper Uslu. typical example showing the influence of soil and foundation mechanics on ancient towers [1] . Hutchinson et al. studied the subsidence events in the Canadian National Memorial Site, Vimy Ridge [2] . Iriarte et al. took a geological risk assessment approach combining with basic geological (mapping, petrology, stratigraphy, etc.) and geotechnical (rock mass quality analytical methods and indexes) techniques to address the issue of cultural heritage conservation in karst caves [3] . There are lots of historic and archaeological sites with splendid history in China, however, most researches related to the preservation of those sites from the geological and geotechnical perspective in Chinese journals were almost unknown to the international scientific communities. Li et al. took the impact of the environment factors such as temperature difference, wind storms, rain storms, and freezethaw process into account to better preserve the earthen heritage sites on Silk Road, northwest China [4] . He et al. analyzed the rock stability in the Lingquan Cave Temple, a cultural heritage of national importance in Henan Province of China [5] . Liu studied the geological features of the Tonglushan copper mine and the ore formation mechanism [6] . With the rapid economic development in China, preservation of heritage and archaeological sites becomes increasingly important and sometimes a great public concern [7].
To better understand the rock foundation of a heritage or archaeological sites, accurate description of the rock stress/strain conditions and their changes are of primary importance. In most cases, the related variables and field conditions are so complex that the three-dimensional numerical model must be applied to understand the dynamic interactions of numerous involving factors, provided that an appropriate conceptual model can be established [8] . This study chose a highly publicized archaeological site in China to illustrate how the knowledge of geotechnical engineering and modeling could aid in the better management of such a site. Experiences gained from this investigation may be useful for the preservation of other heritage and archaeological sites in similar geological settings.
Tonglushan Ancient Copper Mine Relics (TACM, this abbreviation will be used below for convenience), located in Daye, Hubei province of China, was discovered in 1973, which covers an area about 2 km2. This ancient mining site has been exploited for more than one thousand years from the Western Zhou Dynasty (1046-771 B.C.) to the Eastern Han Dynasty (25-220 A. D.). TACM is the oldest, largest and best maintained ancient copper relic site in China, providing important archaeological evidence about the Bronze Age civilization and direct exhibition of the cutting-edge technologies on copper mining metallurgy at that age which makes it one of the ten most important archaeological discoveries in China and one of the key historical and cultural relic sites under government protection in 1982. Therefore, preservation of this site becomes a national archaeological priority, which largely depends on better understanding of the site geology and necessary geotechnical engineering measures to prevent the potential natural and anthropogenic geo-hazard.
In recent years, overexploitation and sometimes illegal mining of several new neighboring mines close to TACM which is located in an enriched oxidation zone with high quality copper become a critical concern [9], [10] . Excavation and explosion of the slope foot can be seen from the photos in Figure 1 , Figure 2 and Figure 3 show the evidence of open-pit mining, underground mining, illegal mining, and some predator mining near TACM. These activities lead to the deformation of the slopes, occurrence of new cracks and subsidence of the road surfaces and other structures (see Figure 4 ), which in turn may endanger the stability of the relic site. The priority for protecting TACM is to develop better management strategies based on sound geological and geotechnical investigations of the site [11] . Therefore, the following questions must be answered: 1) how do the slope deformation and surrounding cracks generate. 2) how would the slope deformation and cracks develop in the Fig.3 ) what should be done to reduce or even stop such deformation and to stabilize the cracks using adequate geotechnical practice. Based on a rigorous three-dimensional (3D) finite-difference numerical model, this study aims to answer these questions, with the engineering geological and hydrogeological factors and other anthropogenic factors taken into consideration. The primary objective is to find the most likely cause for slope deformation and crack genesis, thus providing reasonable recommendations to preserve TACM.
II. IMPACT FACTORS ON HIGH SLOPE DEFORMATION AND CRACK GENESIS AT THE TACM SITE A. DESCRIPTION OF GEOLOGICAL CONDITIONS OF THE TACM SITE
TACM is located at 114 • 30 ∼ 115 • 20 longitude and 29 • 40 ∼ 30 • 15 latitude in central China (see Figure 5 ). The climate of the area is sub-tropic and humid. The multiyear average annual temperature is 17 • C, with the lowest were 40.3 • C and −10.6 • C, respectively. The annual average relative humidity is 77%. The multi-year average annual precipitation is 1387 mm with the maximum of 2391 mm and minimum of 950 mm. The precipitation is seasonally changing with the precipitation between March and September being the greatest, representing 83% of the annual precipitation. The multi-year average annual evapotranspiration is 1520 mm.
As a result of intrusive volcanic activities and tectonic forces during the geological times, several fault zones were developed at TACM. The occurrence of F1 and F2 (see Figure 6 ) is NE40 • 77.5 • ; The occurrence of F3 is SE150 • 73 • , a highly fractured zone with a width of 4 to 5 m. Filed geological survey showed that strata at the site could be classified as the following types: diorite icporphyrite, kaolinization dioritic porphyrite, marble, weathering marble, ore body and quaternary deposit. Field hydrogeological survey showed that the water table at the site was much lower than the position of cracks which were located at the top of the slope. Well-designed drainage system has been installed at TACM and the adjacent mines.
The occurrence of cracks and concern of slope deformation was on the west side at TACM, which was bounded by an open-pit mine whose bottom was at the elevation of −60 m, resulted in a relative slope relief of 132 m. In particular, most cracks were concentrated at the top of the slope. Numerous cracks have been observed during the field investigation and they were primarily located in three distinctive clusters: one cluster at TACM, one cluster on the west side of one marble hill, and one cluster within the circled dash lines representing the high slope area. There were no mining activities at the east, south and north sides of TACM and no concern of slope stability problems there.
B. ANALYSIS OF POSSIBLE FACTORS CAUSING HIGH SLOPE DEFORMATION AND CRACK GENESIS
The factors affecting the high slope stability include internal and external ones: the internal factors include properties of rocks and soils, rock mass structures, hydrogeological conditions and landform, etc.; the external factors include mining activities, seismic activities, precipitation, etc. [12] . There were no evidence showing noticeable changes of rock properties and tectonic forces at the region before the crack genesis, thus these factors are irrelevant to the purpose of this study. As mentioned before, the water table position was much lower than that of the cracks, thus its influence on crack genesis was also unnoticeable. No major precipitation events occurred months before the generation of cracks. Furthermore, the well-designed drainage system was able to drain the precipitated water effectively. Consequently, there was no evidence that the precipitation has any influence on the slope stability in the past decade. The seismic activities at the site were also negligible.
In conclusion, the most likely cause of crack genesis was the recent mining activities near TACM, which was inferred based on the following considerations: firstly, the mining activities steepened previously existing slopes and changed the stability of the foot of slope in certain areas; secondly, the mining activities excavated rock mass from the subsurface, resulting in empty space inside the rock mass, which altered the stress and strain conditions of the previously stable rock mass; last but not least, poorly designed mining activities could accelerate the slope deformation and crack genesis, thus resulting in potential destruction of TACM.
In the following part, a three dimensional non-linear finite difference numerical model will be introduced to investigate the dynamics of field geotechnical conditions under a few hypothetical mining scenarios based on detailed field investigations. This model was tested through the balance of gravitational stress field via an inspection of the displacement contour maps, which could help understand the dynamics of slope deformation and crack genesis.
III. CONCEPTUAL AND NUMERICAL MODELS A. PROBLEM DESCRIPTION
The overall design of this study and the flow chart can be summarized into six basic components: 1) in-situ investigation; 2) determination of rock mechanics parameters via laboratory experiments; 3) set-up of geometrical model; 4) hypothesis of subsurface conditions; 5) determination of rock failure criterion; 6) result discussion and recommendations. Iterative methods were used to fit the simulated and observed positions of crack genesis to determine the most likely scenario.
With factors like the complexity of in-situ mining conditions, and missing information of the mining activities etc. taken into consideration, it was almost impossible to precisely describe the complete subsurface conditions at the site [13] . As a result, this study simulated a few possible scenarios of the subsurface conditions based on available information collected from in-situ survey and previous reports [14] . The numerical exercise over a large number of possible scenarios led to five representative scenarios which would be discussed in details. The simulated model for five representative scenarios was further tested by reproducing the observed slope deformation and locations of the cracks at the site. The scenario that yielded the best matching between the simulated and the observed results was regarded as the most likely one among five possible scenarios. Recommendations were made for preservation of TACM based on the simulated results.
B. CONCEPTUAL MODEL
The study focused on the area between 595 m and 280 m in the horizontal plane. The z-axis was vertical and positive upward and ranged from −430 m to the present ground surface. The ore bodies were located at the boundary of TACM. For a simulated scenario, if the simulated crack generation happened at the same locations as those in Fig.6 , the simulation could be seen as a good approximation of the actual field condition. In addition, the intersection of the fault zones F1 and F3, which was close to one marble outcrop and was also the location of a rich Cu-Fe mine, also saw a large number of cracks. These were the regions simulated with great details to represent the actual field condition as accurate as possible.
The standard mining procedures at the site consisted of the following steps: firstly, excavating ore bodies up and down sequentially with a vertical interval of 60 m, separated by a 8 m-thick roof in between; secondly, the Sill Pillars Sublevel Caving (SPSC) method was used to excavate the ore chambers, separated by uniformly spaced vertical supporting pillars; thirdly, backfilling the excavated chambers with a mixture of crushed gravels and cements. The backfill was supposed to follow the completion of excavation of the ore bodies. In order to better understand the dynamics of the subsurface rock deformation and crack genesis, a few key monitoring locations that were most likely to experience the greatest deformation and a few cross-section planes that most VOLUME 8, 2020 likely yielded plastic deformation and crack generation were selected. Figure 8 showed eight key points and four crosssection planes (P1-P4). 
C. NUMERICAL MODEL
The commonly used software package FLAC3D (Fast Lagrangian Analysis of Continua in Three Dimensions) [15] was chosen as the numerical tool of conducting the three dimensional simulation in this study. FLAC3D is a program developed by Itasca Consulting Group and is a numerical modeling code for advanced geotechnical analysis of soil, rock, and other materials that undergo plastic flow when their yielding limits are reached [16] , [17] . FLAC3D utilizes an explicit finite difference formulation that can model complex behaviors not readily suited to finite element codes such as problems that consist of large displacements and strains, nonlinear material behavior and unstable systems, even cases of yield/failure over large areas or total collapse [18] , [19] . FLAC3D includes the Mohr-Coulomb constitutive model reflecting the elastic and plastic characteristics of fractured rock mass. In FLAC3D, the simulated domain is often divided into a mesh of hexahedron which can be further divided into a few units of various shapes such as tetrahedron, brick, wedge, pyramid, and cylinder. Tetrahedron is often the dominating unit employed whereas brick, wedge, pyramid, and cylinder units may be used to simulate complex special features such as tunnels, excavated rock mass chambers, mining roofs, etc. The computation is conducted on the level of subunit. The values of strain and stress of each hexahedron are calculated as the weighted averages of their corresponding units inside that hexahedron.
One obvious benefit of FLAC3D is that the program can be temporarily paused as needed and continue without restarting the program. This feature makes it particularly suitable for this study which needs to deal with the crack genesis resulted from a complex loading-unloading history involving excavation of rock mass and backfill of excavated chambers using mixed crushed gravels and mining waste. Such a complex loading-unloading history requires different constitutive relationships and parameter values for different materials involved in the excavation and backfill processes. This is the primary reason for choosing FLAC3D over other software package for this study. A complete theoretical background of FLAC3D can be found from the manual published by the developer.
The simulated domain was discretized into 292892 elements. The distribution of numerical units was non-uniform with more units used for ore bodies under observation and relatively fewer units for other parts so that the capacity and accuracy of the model could be maximized with the minimum computational cost. A sample discretization mesh of the model, together with some key geological features considered was shown in Figure 9 . The bottom of the model was set to be fixed with zero displacement while two vertical boundary planes perpendicular to the x axis had zero displacement along the x-axis but could move along the y and z axes. Similarly, two vertical boundary planes perpendicular to the y axis had zero displacement along the y-axis but could move along the x and z axes. The upper boundary of the model was set free. This study dealt with dynamic stress and strain fields, which needed a transient numerical model based on a known initial condition. According to the in-situ stress testing results [20] , [21] , the maximal principal stress (σ 1 ) of 8.81 MPa was at the north to northeast direction, the minimal principal stress (σ 3 ) of 7.07 MPa was at the northwest direction. The intermediate principal stress (σ 2 ) was 8.08 MPa. The field test principal stress directions were consistent with the overall stress condition of the region. A detailed description of the in-situ stress testing results could be found from the in-situ stress testing results. These principal stresses were used in the boundary conditions for a steady-state simulation of the model whose final result was subsequently used as the initial condition for the transient simulations afterward.
D. CRITERIA OF ROCK FAILURE FOR HIGH SLOPES
For the problem studied here, rock failure depended on the interrelationships of multiple factors including values, orientations, and rates of displacements and stress distribution on some representative points. The numerical exercises provided some intriguing findings: firstly, when the rate of displacement was greater than 0.5 mm/day and lasted more than five days, rock failure was very likely to occur; secondly, when the rate of displacement was less than 0.04 mm/day, the rock mass was always stable; thirdly, when the rate of displacement was between 0.04 mm/day and 0.5 mm/day, the rock mass was under a transaction stage from stable to unstable; fourthly, the directions of displacements tended to diverge when the rock deformation was at the transaction stage while the displacements tended to approach the same direction when the rock deformation was close to failure; fifthly, the dynamic plastic strain distribution and its connection with the free surface could be used as one criterion for rock failure as the occurrence and development of plastic strain revealed the degree of yielding and rupture of the rock mass.
E. MINING SCENARIOS CONSIDERED IN THE NUMERICAL MODELS
Back-analysis method is a good approach to the understanding of past engineering activities [22] . With the comprehensive analysis of the available mining reports of the site, the in-situ survey, and the numerical exercises over an assemblage of many realizations that may be possible to occur in the field, the following five representative scenarios for indepth investigations were chosen: the first one was a reference case assuming no subsurface mining activity (case-1); the second one assumed eight horizontal tunnels sequentially excavated at elevations of −60 m, −84 m, −92 m, −103 m, −180 m, −245 m, −305 m, and −365 m, respectively, and their impact on the slope stability over time was analyzed (case-2); the third one involved applying the SPSC to excavate the ore bodies at the foot of slope and to subsequently backfill the empty chambers after the mining (case-3). This scenario assumed no tunnels and no additional Steep End-Slope Mining (SESM), where SESM referred to further mining of ore bodies attached to the foot and surface of the slope. This was an undesirable mining practice that may lead to slope instability; the fourth case considered that eight horizontal tunnels were excavated sequentially at elevations of -60 m, -84 m, -92 m, -103 m, -180 m, -245 m, -305 m, and -365 m, respectively, and the SPSC mining method was employed to excavate the ore bodies at the foot of slope and the empty chambers were subsequently backfilled after the mining (case-4); the fifth scenario considered the activities of case 4 and additional open-pit mining (case-5) . Additional open-pit mining considered mining of roofs and pillars left from previous mining activities, plus additional SESM of ore bodies at the foot and surface of the slope. The values of rock properties chosen for the simulation were listed in Table 1 . These values were obtained in laboratory testing conducted at China University of Geosciences (Wuhan) by the authors.
IV. RESULT ANALYSIS
In this section, simulation results of the five cases mentioned above would be analyzed in details. Comparison of the results of these cases would help to identify the most important factors for rock failure and crack genesis.
A. RESULTS FOR CASE-1
For case-1, the simulation showed no plastic zone occurrence. Inspection of the displacement contour maps on four selected cross-section planes (P1-P4) revealed that the maximal displacement was less than 0.04 mm and the rates of displacements were nearly zero (see Figure 10 (a) and (b)). These results supported the conclusion that the slope was stable and no crack generated under the condition of case-1, which also implied that the observed cracks were most likely caused by other forces excluded in case-1.
B. RESULTS FOR CASE-2
In case-2, the simulation also showed no plastic zones in the simulated domain. In terms of displacement, the overall trend of displacement was towards the excavated empty chambers. However, the maximal displacement was quite small (around 0.057 mm) and the displacement rates were almost zero. An example of displacement contour map along the P-4 plane was shown in Figure 11 . The result showed that the slope was stable and no crack generated in this case, implying that the observed cracks at the slope were not likely caused by the sequential excavation of eight horizontal tunnels of this case. Figure 12 (a) and (b) showed the simulated displacements of the x and z components at eight observation points, respectively, where the positive x and y axes were towards the north and west directions, respectively, and positive z axis However, there were no plastic zones in the west side at TACM where cracks have been observed (location-A). The general direction of the displacement pointed towards the outward normal direction of the slope surface. However, the maximal values of displacements at location-A were generally tiny and rates of displacement were close to zero, which implied that the conditions of cases 3 and 4 may not be responsible for the generation of observed cracks in the field. Figure 13 showed the distribution of plastic zones in the ore body for case-3. These figures showed that plastic zones have been found in certain locations on the surface of the ore body and near the excavated chambers, but not in other locations. Figure 14 showed the directions of X-displacements along the P-4 plane and it was clear that the direction of displacements inside the ore body was toward the backfilled chambers while the direction of those parts near the surface pointed outward of the surface. There were plastic zones found in many locations on the surface of the ore body and near the excavated chambers in case-4, quite different from that in case-3. Sporadic plastic zones were also found at some locations on the surface near TACM but not below the surface in the P-4 cross-section. 
D. RESULTS FOR CASE-5
For case-5, a large number of plastic zones appeared in location-A, as can be seen from Figure 15 , which was in agreement with field observation. The overall direction of displacements pointed towards the outward normal direction of the slope surface, as could be seen clearly from the crosssection along the P-4 plane in Figure 14 . Particularly, the values of displacements near location-A become relatively large with abrupt changes at certain locations. The slope stability under the condition of this case cannot be maintained and generation of cracks started to occur at location-A, indicating that case-5 was probably the best approximation to what happened in the actual field condition.
E. RECOMMENDATIONS FOR PRESERVATION OF TACM
Based on this study, recommendations to control the further development of cracks and hopefully to stabilize the slopes at TACM were listed as followed: firstly, the poorly regulated and sometimes illegal mining activities at the site must stop through administrative approach and law enforcement units of the government; secondly, geotechnical engineering practices can be applied to prevent further development of cracks at the site, which can be summarized in the following three steps: the first step is to inject high-grade bentonite into the discovered cracks on the high slopes and other locations to fill and consolidate those cracks, preventing water infiltration and erosion of rock mass; the second step including installing two series of anti-slide anchors at two different elevations of 15 m and 30 m below the top of the high slope at the W-mine to reinforce the rock mass. Each anchor is 3 m long and penetrates into the fracture zone inside the high slope.
The anchors are evenly distributed with a space of 3 m; the third step involves using ground penetrating radar (GPR) to search for the locations of empty chambers inside the high slope and below the cracks then sending engineers to identify the locations of chambers inside the ore body through the existing mining tunnels and backfill the empty chambers.
The discovered cracks inside the ore body can also be filled with high-grade bentonite. With the three engineering practices put into action, further development of cracks on the high slopes is likely to be prevented and the high slopes may maintain in the stable state.
V. CONCLUSION
This study took the Tonglushan Ancient Copper Mine Relics (TACM), a key cultural relic site under the state protection in China, as an example to illustrate that detailed field and numerical studies of rock mechanics can help understand the crack genesis of high slopes at the site. Due to the complexity of in-situ mining conditions, it was almost impossible to precisely describe the locations, sizes, and shapes of all the excavated chambers at the site. This study established a 3D non-linear finite-difference model using FLAC3D to investigate five representative scenarios in details at the TACM based on the field survey and information obtained from previous mining activities. The purpose of the simulation was to identify the possible factors causing the failure of slopes and generation of cracks in location-A at the site. Based on this study, the following conclusions can be drawn: 1) Through the 3D non-linear finite-difference simulation, case-5 was found out to be the most reasonable hypothesis to explain the generation of cracks and failure of slopes, which included: a) eight horizontal tunnels sequentially excavated at elevations of −60 m, −84 m, −92 m, −103 m, −180 m, −245 m, −305 m, and −365 m, respectively; b) the use of SPSC method to excavate the ore bodies located at the foot of slope and to subsequently backfill the empty chambers after the mining; c) the open-pit mining at W-mine; d) mining of roofs and pillars left from previous mining activities, plus additional SESM of ore bodies at the foot and surface of the slope.
2) The generation of cracks at location-A was probably controlled by the interplay of multiple factors, the most important one of which was the aggressive mining activity, particularly the poorly regulated or even illegal mining at locations that was highly susceptible to slope failure. If mining activities at the regions were properly monitored according to the regulations of Chinese government with immediate backfill of the excavated chambers after the mining, it was possible to maintain the slope stability and to preserve the integrity of TACM site.
3) This study was probably the first attempt to deal with crack genesis and development over a scale around tens of centimeters (which was classified as large displacements) in a highly complicated mining site with realistic mining features such as excavated chambers, mining shaft, horizontal tunnels, etc.
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